This paper presents a brief history of fatigue research at the Fishermans Bend Australia Defence Science and Technology Organisation (DSTO) facility from the early days in the 1940s when H.A.Wills, Head of the then Structures Division, foresaw with remarkable insight the emerging danger of fatigue in aircraft structures. He presented a historic paper at the Second International Aeronautical Conference in 1949 and instituted a comprehensive program of research on the fatigue of materials and structures which proved to be invaluable within the next decade as fatigue failures began to plague first civil and then military aircraft fleets worldwide.
Introduction
The Aeronautical Research Laboratory (ARL) was established at a site on Fishermans Bend Victoria Australia [1] as a division of Council for Scientific and Industrial Research (CSIR) in 1939 following the recommendation of H.E.Wimperis, formerly Director of Scientific Research for the U.K. Air Ministry. Wimperis was commissioned to advise the Australian Government on the inauguration of aeronautical research in Australia. Subsequent events have proved Wimperis' recommendations to be remarkably accurate. The first part of ARL to take shape was a structures and materials section and one of the first ARL buildings was a Structural Test Laboratory, referred to locally as the "Wing Bay", with a reinforced concrete floor for reacting the test loads applied to full-scale structures. This section was headed by H.A.Wills, a leading Aeronautical Engineer with experience in aeronautics in both Australia and England. Wills was concerned from the beginning with the importance of fatigue in the high performance structures and materials being used in aircraft construction and his foresight and initiative was responsible for the fatigue research program that has proved to be a major contribution to Australian Aeronautics.
Early in 1942 ARL investigated the fatigue behaviour of Cr-Mo steel tubing joined by various processes such as gas, electric arc or flash welding in connection with the local manufacture of Bristol Beaufort aircraft and the Australian Wirraway trainer, the fuselage of which were of welded tubular steel construction. Full-scale fatigue tests (FSFTs) of airframes soon followed, prompted by the results of aircraft accident investigations. While ARL has experienced several changes of name (Aeronautical Research Laboratory, Aeronautical and Maritime Research Laboratory (AMRL) and currently DSTO Melbourne), the Wing Bay is still standing, and was used for FSFTs until 2003. It was complemented by the new Structural Test Laboratory in 1989, and was replaced in 2004 by the extension of the H.A. Wills Structure and Materials Test Centre building.
For reasons of brevity, this paper presents an outline of the fatigue tests (and related technology developments) conducted at the "Bend". Only one or two key examples are examined in any detail. It borrows heavily from several texts, most notably [1] [2] [3] , where a more detailed bibliography can be found. It can be argued that the science of fatigue has progressed in the years since Wimperis, but the problem is far from being solved and the value of fatigue testing is of ever growing importance given the operational demands of modern aircraft and their highly weight/stress-optimised structures.
Period 1940-1950
Following the failure of a locally made Mosquito wing on its test flight, static strength tests showed that the accident was due to defective gluing but the test facility developed by W.W.Johnstone was to prove a new and important development. An interconnected lever system was used to apply a distribution of concentrated loads to the wings loaded by high precision hydraulic jacks. This meant that the distributed load over the whole structure was applied by a central hydraulic pressure supply. Pumps and hydraulic valves removed from World War 2 surplus aircraft were used in the construction of this equipment This system constituted a major step forward and led to the later development of a completely automatic hydraulic repeated loading system, capable of rapidly applying and controlling any desired range of load. Repeated load tests were then carried out on the Mosquito wings, but these tests indicated that the static strength was not appreciably affected by repeated loading. However, there was evidence to indicate that the fatigue performance of metal structures was not nearly so satisfactory; in 1945 a Stinson aircraft on route from Melbourne to Broken Hill lost a wing in gusty weather -all 10 occupants were killed. The subsequent investigation carried out by ARL at the request of the Department of Civil Aviation (DCA), revealed a classic fatigue failure in a welded joint in the wing spar. This showed the relevance of the research work on welded steel construction and highlighted the foresight of Wills in predicting the dangers of fatigue in aircraft structures. An investigation on CA-12 Boomerang wings was completed in 1949 and it produced for the first time a complete stress-life (S-N) diagram for a full-scale fabricated structure ( Fig. 1 ).
In 1949 a paper [5] presented by H.A. Wills at the Second International Aeronautical Conference in New York, proved to be a major contribution in this field.He predicted the emerging danger of fatigue and listed the major contributing factors, all of which have proved to be correct.
Wings from 20 Mustang P51D wings declared surplus after World War 2 were obtained and tested [2] , using both a hydraulic loading rig and a vibration loading rig. However, the bulk of the Mustang wing test program was conducted in the next decade.
Period 1950-1960:
While the initial Mustang tests were in progress a second catastrophic accident occurred in Western Australia (WA) giving early evidence of the truth of Wills' predictions; this greatly influenced the fatigue research program. In October 1951 a de Havilland Dove aircraft flying from Perth to Kalgoorlie crashed 5 minutes before it was due to reach its destination, with the loss of all on board. This disaster was caused by a fracture in the spar of the wing centre section. Flight loads data from the WA routes were used with fatigue data from ARL tests to provide estimates indicating a fatigue life of between 3,000 and 12,000 hours.
These developments had a significant impact on fatigue research which was actively undertaken in three major areas -basic research on the fatigue of materials; flight load and aircraft response research; and structural fatigue and airworthiness research. A leading figure in the early research on fatigue was A.K.Head who studied the basic characteristics of the growth of fatigue cracks, and much of the later work in this area is based on this approach.
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The Mustang wing program was extended with tests planned on 90 main planes obtained with the cooperation of the RAAF. Both hydraulic and vibration loading rigs were used. Hydraulic jacks were connected to a number of loading stations on the wing through a system of levers ( Fig. 2 ) to obtain the required load distribution, the load being uniquely determined by the hydraulic pressure.
For long duration tests the vibration testing technique was developed -the complete wing was vibrated in a primary bending mode appropriate to the spanwise load distribution required ( Fig. 3 ). In an investigation of this magnitude the use of wings of varying service life was unavoidable and tests were designed to investigate the possible effects of this factor. A series of reports published in the mid-1950s presented important information on the fatigue characteristics of a fullscale structure -the nature of structural fatigue failure, fatigue crack propagation and the effect of high loads on fatigue performance -and the normal distribution was found to be "a good approximation which is if anything conservative". One of the most far reaching results was the discovery that there were various fatigue critical areas in a complex structure, but the one where the failure predominated depended on the load range in the fatigue test. The Mustang program continued to completion with tests on a total of 110 wings which, with each half tested to destruction, gave 220 test points. For Mustang wings the standard deviation (s) was obtained for each group of specimens tested at a particular load range. These results showed considerable random variation ranging, from 0.021 to 0.308, the mean value being s = 0.12. The data from the Mustang wing fatigue tests were published in the Royal Aeronautical Society Fatigue Data Sheets. Typical crack propagation curves were also generated during the Mustang tests (see Fig. 4 for example) and these indicated three characteristic stages of failure in this type of structure; a first stage leading to the propagation of a visible crack, designated as "initial failure" and constituting a significant portion of the total life, a period of crack propagation and the final stage in which the rate of failure progressively increased until static failure occurs. 
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It is also of interest to note that the first known application of bonded composite repair occurred on the Mustang wing tests in order to repair/halt or delay crack growth.
At about this time (in 1953) fatigue failures in the fuselage of the de Havilland Comet led to the loss of two aircraft with all on board. The subsequent classic investigation of the problem at the Royal Aircraft Establishment (RAE) led to a new technique in fatigue testing by applying repeated pressure cycles to the fuselage while filled with water and totally immersed in a water tank. These accidents highlighted the fatigue problem and revealed to the civil aircraft industry in particular, that the predictions made by Wills some years earlier were being proved alarmingly true.
Period 1960-1975:
In the early 1960s fatigue became a major problem in the military fleets of all countries, particularly those like Australia which relied on a long life of type for their military aircraft. The Department of Defence took over responsibility for the laboratory in 1974 under the auspices of DSTO, and emphasis moved from supporting DCA to the RAAF.
During this era major applied investigations were conducted on the General Dynamics F-111 (prompted by early in-flight failure), the Aermacchi MB326H trainer aircraft, the Vampire and the Marcel-Dassault Mirage III 0 aircraft, where the properties of the new high strength materials of construction was a vital consideration, and the development of new inspection techniques were to play an important part in interpreting results of fatigue tests and establishing inspection procedures.
Research work continued on probabilistic aspects of fatigue. Investigation of flight loads continued with a cooperative research project on turbulence using high altitude data from US Lockheed U-2 flights in Australia, low altitude data from a Mirage fitted with an ARL-developed gust probe and anemometers mounted on towers at the Bald Hills station near Brisbane.
ARL also developed a device for counting the damaging strain fluctuations in fatigue critical areas of an aircraft in service. This instrument used a small magnetic core (computer type) memory for storing strain data from electrical resistance strain gauges in flight. Other important work from the University of NSW at this time was by W. Elber on the phenomenon of fatigue crack closure.
During this era, the RAAF fleets all suffered fatigue problems to some degree and ARL was committed to provide R & D support on a major scale. Fatigue life investigations were undertaken on Canberra, Hercules, Sabre, Neptune and Winjeel using fatigue data from the manufacturer or from ARL fatigue investigations and flight loads data from fatigue meters in wide use in the RAAF fleets. As a result of the F-111 in-flight failure, the subsequent USAF requirement to design aircraft structures against the assumption of existing cracks in all fatigue-critical locations (damage tolerant design), while still achieving adequate service lives is one of the more significant developments.
Period 1975-1990:
In line with the more specifically Defence-oriented role of ARL, four major military fatigue programs were carried out in the 1970s. Following the detection of cracking in service of Aermacchi centre-section booms, a laboratory test program showed that crack growth rates from critical holes were low and could be readily monitored in service. Safety-by-inspection management of these aircraft was subsequently put into effect, the Aermacchi becoming the first RAAF aircraft to be operated with known fatigue cracks in primary structure. The first ARL flight-by-flight fatigue test was carried out on a Mirage wing in 1973/4, and revealed the fatigue sensitive nature of the main spar wing root region: this test was done in close collaboration with the Swiss who were testing a complete airframe at this time. In 1976, a flight-by-flight fatigue test began at ARL on a Nomad airframe: the test was undertaken by Aerospace Technologies of Australia (currently Boeing Australia). By the end of the decade RAAF F-111C, Aermacchi and Mirage aircraft were all being operated, at least in part, on a safety-by-inspection basis, representing a significant change from the long-standing safe-life tradition.
An ARL proposal for developing a strain-range-pair counting device for monitoring aircraft loads in the early 1970s led to the Aircraft Fatigue Data Analysis System (AFDAS) being fitted to Advanced Materials Research Vols. 891-892 RAAF aircraft. Applications of composite bonded repairs were common-place in this period culminating in the boron fibre reinforcement doublers to the F-111 wing pivot fitting.
A redesign of the centre-section joint of the main spar of the CT-4 trainer aircraft led to a comprehensive flight strain survey and a fatigue test. The test article survived over 25,000 service loading flights following which the loading severity was increased to precipitate failure, which occurred after a further 25,000 flights. To account for the buffeting of the empennage mainly during spins, dynamic loads at resonant frequency were applied. However, because of many technical difficulties involved in combining resonant loads with manoeuvre loads in a test rig it was decided to separate the two types of loading by applying loads of up to 1 Hz frequency in the main fatigue test rig and the resonant loads of approximately 9 Hz in a specialised dynamic loading rig. The test demonstrated the very robust fatigue capability of this aircraft; the Nomad fatigue test reached over 300,000 flights without failure of the main wing. Although several failures occurred (mainly in the strut and stub-wing), the test allowed development of refurbishment options and NDI.
In 1986, the RAAF purchased 67 Pilatus PC9 trainer aircraft and a FSFT followed, with test rig commissioning in January 1996. 50,000 SFH were achieved by February 1999. Continuation testing lasted until 67,000 SFH (July 1999), at which time the wing main spar failed.
New fatigue failure modes were also revealed during this period, a good example being when multiple small cracks (now referred to as Multiple Site Damage -MSD) were detected in several fuselage lap joints of an Australian regional carrier, several years before the infamous incident of the Aloha Airlines aircraft in 1989. Whilst in isolation each crack was safe, their eventual linking was shown to defeat the fail-safety of the fuselage. The DSTO investigations included one of the first test programs on MSD.
-present:
The period from 1990 to the present has been a very busy time for the Fishermans Bend fatigue laboratories. The innovative F/A-18 Hornet aft fuselage and empennage FSFT, which won the prestigious Von Karman Award at the 2002 International Aerospace Congress in Canada, strained available resources but, after a development period of approximately ten years, provided ample data to allow the fleet to be operated to a desired planned withdrawal date. The aging F-111 aircraft provided structural integrity management challenges and DSTO was involved in the conduct of three separate FSFTs of F-111 wings. One of these revealed previously unknown fatigue hotspots which were subsequently found in the fleet in a timely and controlled fashion.
DSTO was also involved in the P-3 Service Life Assessment Program (P-3 SLAP) program of FSFTs and analyses to determine the structural life of the P-3C aircraft. This was a collaborative effort between the USN, RAAF, RCAF, Royal Netherlands Navy and Lockheed-Martin (L-M).
Possibly one the most challenging fatigue investigation ever undertaken by DSTO was related to the fatigue failure of an Aermacchi MB326H lead-in-fighter aircraft in November 1990. Until 1990 the structural integrity of the fleet had been based on a safe-life approach, with the aircraft life deemed expended on achieving a portion of the life demonstrated in the Aermacchi FSFT conducted in 1974/75. In the early 1980s, the RAAF conducted a Life-Of-Type EXtension (LOTEX) program in which various modifications were performed. Unfortunately in hindsight no FSFT of the modified wings was undertaken, and as a result, the RAAF no longer had knowledge of the second most critical fatigue locations in the wings. After the in-flight separation of a wing during manoeuvring later estimated to involve a 6.5g vertical acceleration, at a service life substantially lower than the promulgated life limit, the entire fleet was grounded. Parts recovered from the sea identified a fatigue failure in the port lower wing spar cap. Subsequent investigation revealed that the cracking stemmed from poor drilling of the web-to-spar cap fasteners during the LOTEX program. Teardown inspections conducted at DSTO of other similarly high time aircraft proved that the incident was not isolated and an NDI program was developed. A new safe-life was also set that represented approximately half the earlier one. The fleet recovery program was also extended to include the condition of other significant structural components. Crucial to the effectiveness of the program was the accelerated fatigue testing and teardown of ex-service The purchase contract specified the provision of capability (e.g., xx flying hours per year) rather than a fixed number of aircraft. The OEM was to be responsible for the through-life structural integrity support of the aircraft. The Mk127 was significantly different from other variants of the aircraft and so the OEM (British Aerospace (BAe) Systems) planned for a FSFT to be conducted in the UK. However Commonwealth funds supported the conduct of the FSFT in Australia. Thus DSTO conducted a FSFT under contract to, and with the specifications of, BAe Systems whilst having to perform its corporate governance role in advising the RAAF. To overcome this potential conflict of interest, strict business and technical processes were established and have proven to be effective thus far.
The probabilistic fatigue approach pioneered by ARL in the 1950s was further refined and became known more commonly in this period as the risk and reliability approach. It has been used in various investigations for the RAAF's Boeing 707 fleet and F/A-18. In a key departure from traditional certification FSFT it was recommended that FSFTs should be conducted until the extent of damage was uneconomical to repair. Learning from the Aermacchi experience, the aim was to discover as many critical locations as possible and provide crack growth data for these locations.
This period also saw significant activities in the area of fatigue prediction and understanding. Surprisingly some observations were consistent with the early ARL work of A.K. Head.
The F/A-18 aft fuselage test. The RAAF and Royal Canadian Air Force (RCAF) operate the Boeing F/A-18 Hornet in a non-aircraft carrier role. This has resulted in usage outside the certification basis specified by the principal user, the United States Navy (USN). Given similarities in operational usage, airframe configuration and airframe management philosophies, the RAAF and RCAF embarked on a significant collaborative re-certification project known as the International Follow-On Structural Test Project (IFOSTP), which consisted of three separate FSFTs supported by flight trials and load development programs. Both RAAF and RCAF conducted the flight trials. In arguably what was the most challenging fatigue test ever undertaken by DSTO, the Australian portion of IFOSTP consisted of a unique full-scale aft fuselage and empennage fatigue test (known as FT46, see Figs. 5 and 6) which combined buffet induced dynamic loading with manoeuvre loading to reproduce the flight loading conditions experienced by an F/A-18 aircraft under normal flight operations. The twin vertical tails canted slightly outward exploit the high energy vortices generated by each wing's leading edge extensions to provide good directional stability at high AOA conditions. Unfortunately, these vortices break down at high AOA, buffeting the empennage and exciting the vibration modes of the empennage structure. This buffet phenomenon results in severe empennage dynamic loading, as indicated by the high acceleration levels measured at the aft tip accelerometers of each vertical tail (approximately ±550g) and horizontal stabilator (approximately ±150g). Loading spectra were derived (from a combination of flight trials data and data recorded on-board each aircraft) to be representative of typical RAAF and RCAF usage. The primary objective of the loads development process was to ensure that the test article was loaded to match its dynamic response as closely as possible to that of an aircraft in flight. This was achieved by having a manoeuvre loading system that would not significantly affect the dynamic characteristics of the structure. Typical fatigue test loading systems use hydraulic actuators, loading beams and pads, and cables. Such a system was unacceptable for FT46 testing, as it would add too much mass, stiffness and damping to the structure and alter the test article's dynamic characteristics adversely. To circumvent this, DSTO developed a pneumatic loading system to apply the aircraft distributed aerodynamic and manoeuvre-induced inertial loads. The buffet-induced dynamic inertial loads as experienced in flight were applied using a multi-channel vibration control system and high-powered, high displacement electromagnetic shakers. FT46 completed 23,090 simulated flight hours. In the final phase of the FT46 test program, residual strength testing was completed and the test article was torn down for a final inspection (completed in December 2004). To assist the analysis of cracking found during the FT46 testing DSTO/RAAF policy was to remove cracking intact if possible and use QF to determine the initiating discontinuity and the crack growth rate where possible. A typical result is shown in Fig. 7 .
Significant technical innovations were achieved during the development and testing phases of the IFOSTP FT46 test, including:
• use of test spectra and load sequences derived directly from operational aircraft with a non-linear digital flight control system employing variable control laws and unrestricted manoeuvring; • development of test loading methods for the stabilators that accounted for large control surface influences in service whilst maintaining a fixed testing deflection; • the first successful simultaneous application of coordinated dynamic and manoeuvre loads representative of flight conditions on multiple components of a full aircraft test structure; • development of a unique pneumatic "soft spring" manoeuvre loading system including accurate and rapid response controllers;
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• design and development of a controller with 65 actuators of differing type (pneumatic, electromagnetic and hydraulic) with many channels where actuator interaction (dependency) was significant, whilst maintaining strict accuracy levels; • the development of a novel method to derive loads for residual strength testing;
• the quantification of the scatter typical of dynamic buffet loading;
• QF that allowed these techniques, with knowledge of local stresses, to be used to accurately predict component time to failure from limited crack growth information; • several useful fleet management tools derived from use of databases to store, retrieve and catalogue IFOSTP information. • development of a substantial documented database of dynamic response data for understanding the aircraft buffet phenomenon and the aft fuselage and empennage's response to it.
The F/A-18 centre barrel test
The F/A-18 centre barrel (CB) carries wing and landing loads into the fuselage through its three main structural elements, the Y453, Y470.5 and Y488 bulkheads. The three main bulkheads are fracture critical. The IFOSTP FT55 centre fuselage test showed that the safe-life of the CB was insufficient to meet planned withdrawal for all aircraft in the fleet. Thus airframe life recovery activities were required. A centre barrel replacement (CBR) program was investigated to address some of the deficiencies highlighted by FT55. The USN and RCAF have already commenced their own CBR programs. For the RAAF, two main problems with the CBR program were highlighted; the program may be difficult to run in-country because of logistical concerns, and the availability of aircraft during the program may be insufficient to meet operational needs. For these reasons, combined with the expected expense of such a program, the RAAF examined strategies to minimise the CBR program.
This strategy, referred to as SRP1++, included a series of modifications made at critical locations late in the life of the F/A-18 to extend the life of some aircraft in the fleet so that CBR could be delayed. The actions that taken in SRP1++ were based mainly on experience from the early life of the fleet and the results of the F/A-18 fatigue tests including IFOSTP. Because of the lack of data from high life fleet aircraft, a number of risks exist in implementing a SRP1++ program, including (a) influence of in-service defects including mechanical damage and corrosion, (b) influence of widespread fatigue damage (and thus potential new fatigue critical locations not previously seen in other F/A-18 fatigue tests), and (c) ineffective repairs.
The teardown and inspection of ex-service CBs was highlighted as a method of reducing the risks involved in a SRP1++ program. Because the USN and RCAF were then undertaking CBR programs, a number of ex-service CBs were available. The average largest cracks present on exservice CBs are expected to be less than 1 mm -below the threshold of current practical NDI methods -meaning that it is difficult to gain service data from ex-service CBs in their current condition. To overcome this, the Flaw IdeNtification through the Application of Loads (FINAL) program was conducted. This program involved the application of representative Wing Root Bending Moment (WRBM) fatigue loads to ex-service CBs in a test rig, Fig. 8 The fatigue cycling was intended to grow existing cracks to a size where they could be detected under laboratory conditions. After fatigue cycling of each CB had been completed, a teardown including thorough inspection and QF was performed. At the time of writing, 17 CBs had been tested, including 7 ex-RAAF CBs. By using in-service cracking detected through FINAL, the demonstration of critical crack sizes through FINAL and in conjunction with the lead crack framework, the number of RAAF aircraft requiring CBR was significantly reduced, leading to savings of over A$400M to the Commonwealth.
Conclusion:
Early research at Fishermans Bend on the fatigue of structures and materials won international recognition for its contribution to airworthiness and to a fundamental understanding of fatigue. These investigations had a significant influence on the development of fatigue design philosophies, theories, testing techniques and technologies, and airworthiness criteria in the aeronautical sphere.
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The role played by ARL/DSTO in aeronautical fatigue is a very good example of the foresight shown by Wimperis in his report to the Commonwealth Government in 1938, since research in this area has enabled the major task of fatigue life substantiation and monitoring to be carried out in Australia with DSTO supplying the R & D input with engineering support from local industry.
The program of research on fatigue could only have been achieved by the efforts of a large and very able team of research workers. The assembly and dedication of this team was the direct result of the outstanding qualities of Coombes as the founder and leader of the laboratories. It was the result of his appreciation of the role that civil and military aviation were to play in the development of the Australian continent; and of his ability to win the confidence and collaboration of the civil and military aviation authorities. DSTO has provided through-life structural integrity support of (mainly) Australian Defence Force platforms (and to a lesser extent those of the civil aviation industry) through numerous innovative FSFT programs and research into metal fatigue. The tests have demonstrated that despite better design and analysis tools becoming available, the highly optimised nature of modern aircraft coupled with increased operational requirements can often lead to surprises, in the way of structural failures, that are better discovered in the test laboratory than through post-accident investigation. The lessons learnt through the Aermacchi in-flight failure investigation, amongst others, should not be forgotten: the next few most critical locations must always be known.
With the increasing use of OEM through-life-support contracts, DSTO's role in future full-scale fatigue testing is unclear, although the Hawk testing may be one model. Another lesson is also clear: to maintain a leading role in aeronautical fatigue, then young practitioners must "cut their teeth" participating in these tests and peering at fracture surfaces under a microscope.
